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WATERTOWN ARSENAL
WATERTOWN. MA&'

LABORATORY

CORROSION STUDIE ON TITANIUM AND ZIRCONIUM METALS

L. B. Golden, I. R. Lane, Jr., J. T. Pons, W. R. Acherman, and W. Mace

Semiannual Report for June 1951:

A comprehensive corrosion resistance investigation of titanium,

zirconium, and their alloys was initiated in June 1947. These corrosion

studies involve a wide variety and concentration of media including acids,

bases, salts, and organic compounds. Temperatur and pressure variables have

also been incorporated in the broad program.

From the earliest laboratory tests, these two relatively new metals

have exhibited unique corrosion resistant properties. More recently, numerous

evaluation studies have shown that titanium is a potential replacement for

j stainless steels in many applications. Zirconium, on the other hand, is

similar in its corrosion properties to tantalum and may ultimately be used as

a replacement or substitute for the less abandant and expensive metal, tantalum.

Due to the general similarity of titanium to stainless steels and zirconium

to tantalum, these metals and alloys have been used in companion or parallel

corrosion tests for comparison data of their relative corrosion resistance.

In the present reporting period, tests have been made on the

corrosion resistance of zirconium and zirconium alloys in hydrochloric acid

(embrittlement tests), sulfuric acid, and phosphoric acid. A comparison was

made of the relative corrosion resistance of low hafnium arc melted zirconium

and zirconium containing less than 3 percent hafnium induction melted in

graphite. A series of zirconium alloys was subjected to tests in various

rocket fuels and substitute ocean water spray. Corrosion rates were deter-
4 mined for zirconium and stainless steel in aqua regia. Titanium, zirconium,
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and stainless steel were also tested in ammonium chloride solutions and boil-

Ing substitute ocean water. Titanium and lead were exposed to sulfuric and

nitric acid mixtures.

Galvanic corrosion tests were conducted on titanium coupled with

magnesium, zinc, aluminum, lead, tin, nickel, and copper. Galvanic potentials

and corrosion rates were determined in substitute ocean water, one percent

hydrochloric acid, and one percent sodium hydroxide solutions. Solution

potentials were determined in substitute ocean water under different condi-

tions of aeration. Open circuit potentials were determined and the potential

of each metal relative to the saturated calomel half-cell was recorded for

magnesium, tin, and nickel coupled with titanium.

Arc melted zirconium alloys - hydrochloric acid under pressure (embrittlement
tests):

Tests were conducted on a series of one hundred and three zirconium

alloys furnished by the Northwest Electrodevelopment Laboratory of the Bureau

of Mines at Albany, Oregon. The samples were exposed for six days in con-

centrated (37 percent) hydrochloric acid at 600C. Individual specimens were

sealed in glass tubes half-filled with acid (70-85 ml.) and tested under the

pressure developed at this temperature, calculated to be approximately three

atmospheres.

The zirconium binary alloys investigated included: silver, nickel,

aluminum, silicon, tungsten, molybdenum, antimony, iroi., copper, manganese,

cobalt, tantalum, cerium, chromium, and beryllium. Twenty gram compacts of

all the alloys were prepared from accurately weighed metal powders of the

best quality available and minus 10-mesh X-grade zirconium chips of the

following composition:
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Chemical analysis, parts per million

N-20, C-IO, Fe-1500, Al-20

Spectrographic analysis, parts per million

Al-50, Sb-50, Bi<a, Sn=2, Cu-5, Pb-OO
Mg>500, Zn<50, Cr=50, Fe1000, Mn-20, Ni-5
Si-300, Ti-50, V<50, Mo4J0, B O.05

The pressed compacts were arc melted with a tantalum tipped

electrode in a helium atmosphere, sheath rolled at 8500C, the sheath removed,

and the alloys pickled and sand blasted. Previous experience in arc melting

indicated that the alloy content was normally 0.1 to 0.2 percent less than

the nominal values, consequently, the individual arc melted ingots were not

chemically analyzed.

The results of the tests in hydrochloric acid are recorded in

Tables I and II. Alloys of zirconium with tantalum, molybdenum, silver,

manganese, aluminum, and chromium possess the greatest corrosion resistance.

The corrosion rates for these binary alloys ranged from 0.00 to 25.2 mils per

year. Alloys with nickel, tungsten, copper, cobalt, and beryllium were the

least resistant. At room temperature and atmospheric pressure, the corrosion

rate for an 8 percent nickel alloy was 116 mils per year and for a 10 percent

copper alloy, 80.6 mils per year.

In general, increasing amounts of the alloying constituent caused a

decrease in the corrosion resistance of the alloys.

Forty-six of the alloys which had an average corrosion rate of less

than 4 ails per year in the tests at 600C were selected for further tests at

l000C. Under these conditions the pressures developed were much higher, (about

11 atmospheres). Results of these tests are recorded in Table II. The

olyb4enum, aluminum, manganese, and tantalum alloys hayo the Createst c.rrosion
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resistance. Those having the least resistance are the silver and antimony

alloys. Here again, increasing amounts of the alloying constituent generally

caused a decrease in the corrosion resistance of the alloys.

Arc melted zirconium versus zirconium induction melted in graphite:

Samples of six different lots of arc melted, low hafnium, cold

rolled zirconium metal and samples of ordinary purity, cold rolled zirconium

induction melted in graphite were tested for six days, (1) at 1000 C in

aerated concentrated (85 percent) phosphoric acid, (2) at 350 C in 80 percent

sulfuric acid, and (3) at 350 C in 20 percent ferric chloride solution.

Corrosion rates of the arc melted metal in phosphoric acid ranged

from 61.0 to 80.2 mils per year as compared to 28.4 to 31.2 mils per year for

the induction melted metal. In 80 percent sulfuric acid, arc melted zirconium

rates ranging from 0.46 to 1.35 mile per year compared to 4.44 to 9.51 mils

per year for the induction melted metal were observed. In 20 percent ferric

chloride solution corrosion rates for the arc melted zirconium ranged from

22.7 to 68.8 mils per year compared to 113 to 237 mile per year for induction

melted zirconium.

Zirconium-titanium alloys -- hydrochloric, sulfuric, and phosphoric acids:

.A series of zirconium-titanium alloys were tested at 550C and 600C

for six days in aerated 5, 10, 12.5, 15, 17.5, and 20 percent hydrochloric

acid solutions and in non-aerated 37.5 percent (concentrated) acid. Additional

tests were also performed at 350C and 600C in aerated sulfuric acid solutions

ranging in concentration from lOto 96.5 percent (concentrated) and in aerated

phosphoric acid solutions ranging in concentration from 10 to 40 percent.

The results of these tests are shown in Table III together with results ob-

tained previously for titanium and zirconium metals. An examination of the
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data in this table shows that, in general, (1) increasing amounts of titanium

in the alloy causes a corresponding increase in the corrosion rate for all

concentrations of acid studied, (2) increasing acid concentrations cause a

corresponding increase in the corrosion rate , and (3) a zirconium-titanium

alloy containing as little as 14 percent zirconium shows remarkable corrosion

resistance as compared to ordinary titanium. One specific example is the rate

obtained in 15 percent hydrochloric acid solution at 600C. The 14 percent

zirconium alloy is satisfactorily resistant with a rate of only 16.9 mils per

year whereas ordinary titanium gives an excessive rate of 789 mils per year.

Zirconium alloys--substitte ocean water spray test:

A group of 103 Bureau of Mines arc melted zirconium alloys was

exposed to substitute ocean water spray (A.S.T.M. Designation D 1141-50T) in

a salt spray cabinet at room temperature for thirty days. Except for negligible

gains or losses in weight almost all of the samples tested showed no signs of

corrosion. The exceptions were two alloys containing 7 and 10 percent copper.

Green colored corrosion products were present on the evenly corroded surfaces

of these samples. Corrosion rates were 0.47 and 0.48 mils per year, respectively.

(Table IV)

Zirconium alloys--rocket fuels:

Ninety-one of the Bureau of Mines arc melted zirconium alloys were

tested at room temperature for thirty days in red fuming nitric acid. A

majority of the samples showed gains in weight caused by the formation of blue-

to-black colored films on the surfaces. The samples showing the greatest

corrosion resistance were the tantalum alloys (5, 10, and 15 percent TO),

molybdenum alloys (5 and 10 percent Mo), a 3 percent iron alloy, a 2 percent

silicon alloy, and two copper alloys (7 and 10 percent Cu). These samples
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showed little discoloration and negligible gains in weight. The results of

these tests are simmarized in Talle V together with the composition of the

alloys. Because of the irregular shapes of most of the samples, the results

are expressed in weight gain or loss in grams together with a description of

the appearance of the samples and changes in physical properties.

Samples of seven different lots of Bureau of Mines arc melted, low

hafnium, cold rolled zirconium metal were tested at room temperature for

thirty days in red fuming nitric acid. These samples showed small gains in

weight (0.5 to 3 6 milligrams) caused by the formation of very thin, tightly

adhering, blue-gray colored films on their surfaces. There were no signs of

embrittlement.

One hundred and three of the Bureau of Mines arc melted zirconium

alloys were tested in mixed acid (94% white fuming nitric acid plus 14 percent

fuming sulfuric acid) at room temperature for thirty days. These samples

showed appreciable weight losses. Twenty-three of the samples were completely

dissolved or disintegrated. Alloys showing excellent corrosion resistance

were the silver (1, 3, 5, and 10 percent Ag), iron (1, 3, and 5 percent Fe),

silicon (1, 2, and 3 percent Si), tungsten (1, 5, and 10 percent W), copper

(i, 3, 5, 7, and 10 percent Cu), and chromium (1, 2, and 5 percent) alloys.

In each instance, the corrosion rates were less than 5 mils per year. The

results of these tests are summarized in Table VI together with the composition

of the alloys. Corrosion rates are expressed in mils per year and a descrip-

tion of the appearance of the samples and changes in physical properties are

noted.

The some 103 zirconium alloys were also tested at room temperature

for thirty days in ethyl alcohol (95 percent ethanol). Except for very slight
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gair.s ;r losses iu weight amo.nting to a few tenths of a m 1ll.6rnm t:e alloys,

general, showed no signs of corrosijn. The exce~ti)ns were treree c~pper

alloys cot.taining 5, 7, and 10 percent copper. These samilus showed areas Zf

dulled, evenly corroded metal; however, maximum weight losses were less than

O.b milligram.

Sixty-one of the Bureau of Mines zirconium alloys were tested at

room temperature for thirty days in methyl alcohol (alsol.te methanol).

Except for negligitle gains or lisses in weight, none of the samkles showed

signs of corrosion. Scmlar tests were made on 64 alloys In xyl:dine, and

69 alloys in aniline. Except for very slight gains or losses in weight none

of the samples showed any signs of corrosion.

Forty-two of the zirconium alloys furnished by the Foote Mineral

Company were tested in white fuming nitric acid at room temperature for

thirty days. Mist of these samples were relatively unaffected and only

slight gains or losses in weight were noted. Hwever, samples of the follow-

ing alloys shoved appreciable losses In weight: 1 and 5 pei.-ent beryllium,

5 percent platinum, 5 percent vanadium, and 5 percent silicon. The results

of these tests are summarized in Table VII.

Eighty of the zirconium alloys furnished by the Foote Mineral Com-

pany were tested in 95 percent ethyl alcohol at room temperature for thirty

days. The samples were unaffected ty this media. Similar results were ob-

tained with the Foote alloys in leaded gasoline.

Zirconium--aqua regis:

Samples of two different lots of arc melted, low hafnium, hot

rolled zirconium metal and samples of six different lots of arc melted, low

hafnium, cold rolled zirconium metal were tested at room temperature for
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fourteen days in concentrated aqua regia (3 parts of concentrated HC1 plus

I part of concentrated HNO3 ) solution. Neither the hot rolled nor the cold

rolled metal showed substantia co)rrosin resistance although the hot rolled

metal gave much lower rates (156 mils per year average) than the cold rolled

metal (357 mils per year average). Corrosion rates for these samples are

recorded in Table VIII.

Titanium, zirconium, and stainless steel--ammonium chlo ride solutions:

Titanium, zirconium, and Carpenter No. 20 stainless steel were

tested for six days at 600C and 1000C in aerated 1 and 10 percent ammonium

chloride solutions. Corrosion rates were negligible for all three materials

as shown in Table IX. Tests were also made for six days in boiling 10 percent

and saturated solutions of ammonium chloride. In both solutions, rates for

titanium and zirconium were negligible. However, the titanium samples

showed typical "chloride pitting" consisting of rather large but shallow pits

filled with corrosion products. The stainless steel samples were badly

pitted, especially in the saturated solution. Rates in the 10 percent and

saturated solutions were 5.02 and 20.1 mils per year, respectively.

Titauium--inorganic compounds:

Corrosion rates for titanium in aerated 5 and 20 percent trisodium

phosphate solutions and in aerated 2 percent calcium hypochlorite solution

at 600C for six days were negligible. (Table IX) In aerated 5 percent

sulfuric acid at 600C for six days the corrosion rate was found to be 190 mils

per year.

Titanium and lead--sulfuric and nitric acid mixtures:

Titanium and lead were tested in concentrations (60-70 percent) of
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sulfuric acid. This strength acid is approximately that of "chamber acid"

formed in the lead chamber process for the production of sulfuric acid.

Enough nitric acid was added to give a concentration of 1 percent. Corrosion

rates were determined in these aerated acid mixtures at 1)0oC for six days.

Corrosion rates for lead were low but those for titanium were excessively

high. (Table IX)

Titanium, zirconium, stainless steel, and monel metal--boiling substitute
ocean water:

Samples of titani .m, zirconium, Carpenter No. 20 stainless steel

and monel metal were tested for seven days in boiling substitute ocean water.

All of the samples gained very slightly in weight caused by the formation of

very thin, varicolored, iridescent films on their surfaces. However, there

was no pitting or any other form of corrosion on any of the samples.

Titanium--galvanic corrosion studies:

Galvanic corrosion studies of titanium coupled with common metals

were initiated. Preliminary tests were made to find the difference in

corrosion rate between coupled and uncoupled samples. Non-aerated,

air-aerated a1a helium-aerated substitute ocean water (A.S.T.M. designation

D-l1I-5OT), one percent hydrochloric acid and one percent sodium hydroxide

were used in the room temperature tests. Titanium was completely immune to

corrision under these conditions.

Titanium--metal couples in substitute ocean water:

With few exceptions the coupled samples showed the greatest average

corrosion rates. (Table X) All tests with magnesium were of short duration

because of disintegration of the coupled magnesium samples. The uncoupled

:a.n-nesium samples showed a slight gain in weight due to the formation of an
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adherent film on their surfaces. The corrosion rate of the uncoupled zinc

samples in non-aerated solutions was greater than that of the coupled samples.

There was no difference in the corrosion rates of coupled and uncoupled

aluminum in either non-aerated or air-aerated solutions. In helium aerated

solution, however, the rate for coupled aluminum was greater than that for

the uncoupled metal. The corrosion rate of uncoupled lead was slightly

higher than the coupled in air-aerated solutions. The corrosion of nickel

under all conditions of aeration was negligible. The corrosion rates of

copper coupled and uncoupled, in air-aerated solutions were identical. The

rate for uncoupled copper in the helium-aerated solution was slightly higher

than the coupled metal.

Titanium--metal couples in 1 percent hydrochloric acid:

With the exception of tin in mn-aerated one percent hydrochloric

acid and nickel in air-aerated solution, the coupled metals showed the greatest

corrosion rates. (Table XI)

Titanium--metal couples in 1 percent sodium hydroxide solution:

The corrosion rate of magnesium, both coupled and uncoupled, in

one percent sodium hydroxide was zero or negligible under all three conditions

of aeration. -(Table XII) The corrosion rate of both coupled and uncoupled
was

zinc in non-aerated solution/quite low, although a slight gain in weight 3f

each of the samples caused by the formation of an adherent film on the surfaces

was noted. There was a very rlight difference between the average corrosion

rates of coupled and uncoupled zinc in both air-aerated and helium-aerated

solutions. Tests of aluminum in one percent sodium hydroxide were of short

duration due to ripid attack on the metal. The corrosion rate for uncoupled
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aluminum was greater than the coupled in both non-aerated and alr-aerated

solutions. The rates for uncoupled lead and tin in air-aerated solutions

were greater than the coupled metals. The corrosion of nickel under all

conditions tested was negligible. The rates for copper in air-aerated and

helium-aerated solutions were essentially zero. There again, a slight gain

in weight of each of ttt samples was recorded.

From the data obtained, titanium should be placed at the bottom of

the galvanic series (i.e. titanium is more noble or cathodic than any of the

metals tested).

Solition potentials of metals:

Studies were made to determine the solution potentials of titanium

and seven other metals on which galvanic corrosion studies are being made.

Tests were made in non-aerated, air-aerated and helium-aerated substitute

ocean water at 35 C. Potentials were measured relative to the saturated

calomel half-cell with an L and N Type K-2 potentiometer.

The metals tested are arranged in a galvani: series in Table XIII

according to the average potential of the metal. Potentials are recorded

relative to the normal hydrogen electrode (i.e. metals with a minus (-) voltage

value are less noble than the hydrogen electrode and those with a plus (+)

value are more noble). This sequence was valid for all types of aeration

with the exception of helium-aerated solutions in which nickel was slightly

more noble than titanium. Initial EMF was recorded immediately after placing

the metals in the sol~tion. Average EXF is the average of the voltages

recorded after the first twenty-four hours of the test. The solution

potential of alumiaum was considerably less initially than at the end of

twenty-four hours and that of nickel and titanium was greater.



With a slight rearrangement of the metals in the middle of the

series, this galvanic series woAd be similar t.) a series arranged according

to increasing nobility relative to corrosion rate. (Table XIII) The results

further confirm the data obtained in the preliminary tests regarding the

relative nobility of titanium.

Electrical measurements of metal couples:

Tests have been completed in non-aerated and air-aerated substit'te

ocean water at 350C in which the open circuit potential measurements between

coupled and uncoupled metals, the potential of each metal relative to the

saturated calomel half-cell and the average current between coupled samples

have been determined usng magnesium, zinc, tin and nickel coupled with

titanium. It was found that titanium coupled to another metal and exposed

to substitute ocean water undergoes polarization effects which causes it to

assume a potential nearly equal the potential of the coupled metal. The

recorded average final potentials in the tables were recorded approximately

five minutes after the circuit between coupled samples was broken. This was

necessary due to a rapid change in potential because of breakdown of polariza-

tion effects immediately after breaking the circuit.

When tin (Table XV) and nickel (Table XVI) were coupled with

titanium the polarization effects of both members of the couple were so great

that no measureable amount of current flow could be detected at any time. The

current flow between magnesium-titanium couples (24.5 milliamperes in non-

aerated and 21.5 milliamperes in air-aerated solutions) (Table XIV) and zinc-

titanium couples (0.3 milliamperes and 0.4 milliamperes respectively) Table

XVII) was less than might be expected from their solution potentials.
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The average corrosion rates of coupled magnesium (895 mils per year

in non-aerated and 1190 mils per year in air-aerated solutions) were higher

than uncoupled magnesium (22.4 mils per year and 58.7 mils per year respectively),

while the difference between coupled zinc (9.11 mils per year and 8.7 mils per

year respectively' and uncoupled zinc (1.27 mils per year and 8.2 mils per

year respectively) was not so pronounced. Coupled tin shoved a slightly

higher corrosion rate than the uncoupled metal in both non-aerated and air-

aerated solutions. There may have been a very small flow of current that

could not be measured. The corrosion rate of nickel (less than 0.2 ails per

year) and the difference between coupled and uncoupled specimens were

negligible. It may be tentatively concluded that corrosion due to galvanic

action does not occur when equal areas of nickel and titanium are coupled and

exposed to non-aerated or air-aerated substitute ocean water.

Future program:

The program for the immediate future will include a continuation of

tests on titanium and zirconium metals and their alloys with inorganic and

organic compounds at different concentrations and temperatures. A comparison

of the relative corrosion resistance of arc melted metals (both titanium and

zirconium) and metals melted in graphite will be continued. Further tests will

be made on zirconium alloys in materials used for rocket fuels and in simu-

lated marine atmosphere (salt spray) tests.

Galvanic corrosion research will be continued on titanium and

zirconium and their alloys. Galvanic corrosion tests to date have been

limited to tests with equal areas for each electrode. Future work will include

variation in ratio of areas of electrodes as well as tests vith additional

metals and electrolytes.
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Table III. Zirconium-Titanium Alloys - Inorganic Acids

solution Temp. Corrosion Rate - mils per ear
Percent by Weight 0C 1346 1372 1373 1375 Ti Zr

5 Hcl 35 0.00 0.02 0.00 0.00 1.46 0.00
10 ECi 35 0.02 0.18 0.19 0.53 4o.1 0.26
12.5 HCI 35 0.19 o.14 0.33 0.97 59.5 -
15 HCl 35 0.13 0.09 0.37 1.10 96.7 0.30
17.5 HCl 35 0.13 0.30 o.36 20.1 122 -
20 ECi 35 0.03 0.23 0.48 14.2 175 0.28
37.5 Hcl 35 1.141 126 9043/ 26403/ 1990 0.32
5 HC1 60 0.19 0.39 0761 1.23 42.5 0.06

10 KCl 60 0.20 0.41 1.32 12.6 351 0.41
15 ECI 60 0.17 0.44 1.66 16.9 789 0.37
17.5 HC1 60 0.26 1.18 8.36 914.3 - -

20 RC1 60 0.00 0.94 148.8 156 1098 0.52
37.5 RC 60 4.17 - - - - -

10 12 So4  35 0.05 0.12 0.30 0.63 66.0 0.05
20 EaSo 4  35 0.16 0.30 0.67 1.07 135.0 0.08
30 H2So 4  35 0.23 0.35 0.70 6.91 268 0.34
40 804  35 0.24 0.54 1.44 34.9 456 0.41
50 H2so4  35 o.34 0.78 5.47 l38 133 0.37
60 R2So4  35 0.23 10.1 63.7 61.7 43.4 0.42
70 92 804  35 18.6 238 199 23651/ 49.8 0.34
80 HaS04  35 8981/ 24101/ 6821/ 25901/ 1760 56.3
90 32804 35 6085i/ 3693,/ 2275i/ 1395i/ 574 1620
96.5 O2804 35 3710i/ 1323g/ 9005/ 535i/ 270 752
10 H2804 60 0.06 07:54 1:23 18-8 - -

20 H2S04  60 0.09 0.68 2.29 50.0 - -

30 RsO 60 0.16 1.11 11.7 64.4 - -

40 S04 60 0.29 2.03 20.2 336 - -

50 O2804 60 0.29 11.0 74.7 - - -

60 B 80 4 60 0.81 142 - -
70 32SO, 6o 148 - - - - 0.52
10 E5P04  35 0.19 0.36 0.142 0.69 0.30 0.05
20 H3PO4  35 0.38 0.79 0.99 1.50 0.60 0.23
30 H3PO4  35 0.54 1.15 1.60 1.95 0.77 0.37
40 HPO4  35 0.60 1.75 2.75 3.33 13.4 0.44
Tests were run for Ux- days unless otherwise indicated and aerated at the rate of
250 ml.of air per minute. All tests in 37.5% KCl were non-aerated and static.

I/ Three day run 2/ One day run / Two day run

Alloy No.* Percent Ti Percent C Specimen Configuration

13146 20.6 0.20 1" x 1" x 0.041"
1372 35.4 0.37 1" x 1" x 0.054"
1373 45.1 0.56 1" x I" x 0.053"
1375 85.4 0.78 1" x 1" x 0.049"

*Note: These alloys were prepared by induction elting in graphite and sheath
rolling at 8500C. They were then sand-blasted and pickled.
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Table IV
Zirconium Alloys - Substitute Ooean Water Spray Test

Alloy Composition Weight of sample Loss or gain (.)
Number (percent by weight) in grams in weight (grams)

VA-1721 I Ag 3.5858 0.0000
22 1 Ag 3.5471 +0.0001
25 3 Ag 3.4578 0.0001
26 3 Ak 3.1400 +0.0001
29 5 Ag 3.2735 +0.0001
30 5 Ag 2.8717 0.0000
33 10 Ag 2.2046 +0.0001
34 10 Ag 3.5996 0.0000
43 1 Ni 3.7339 0.0002
44 1 Ni 1.2681 0.0001
17 1 Al 3.3618 0.0001
48 1 Al 3.2912 0.0001
51 2 Al 3.1216 0.0004
52 2 Al 3.1755 0.0005
55 3 Al 3.4237 0.0002
56 3 Al 2.8055 0.0002
60 1 Si 3.4547 0.0006
61 1 Si 3.4299 0.0003
64 2 SI 1.2344 +0.0002
65 2 Si 2.9955 0.0002
68 3 Si 2.7997 0.0001
69 3 Si 3.6061 0.0003
72 3 Ni 3.5343 0.0001
73 3 Ni 1.9816 0.0003
81 5 NI 2.6320 0.0002
82 5 Ni 1. 7787 0.0002
85 8 Ni 3.0107 0.0002
86 8 Ni 1.4110 0.0002

1805 1 W 3.1376 0. 0001
06 1 W 3.4427 0.0003
09 5 1h 3.1610 0. 0001
10 5 w 3.3389 0.0001
14 10 T 3.3030 0.0004
15 10 wT 3.6060 0.0002
18 1 Mo 3.7965 0.0000
19 1 Mo 3.1625 0.0001
22 3 Mo 3.2278 0.0001
23 3 Mo 2.2982 0.0002
26 5 Mo 3.0253 0.0000
27 5 No 2.5291 0.0002
30 10 Mo 3.3111 0.0000
31 10 Mo 2.9448 0.0000
37 1 Sb 3.0968 0.0001
42 3 Sb 2.8890 0.0000
43 3 Sb 2.9543 0.0000
46 5 Sb 2.9413 0.0000
47 5 Sb 2.4761 0.0001
50 1 Fe 3.2054 +0.0001
51 1 Fe 3.3141 0.0001
54 3 Fe 3.5249 0.0000
55 3 Fe R.1801 0.0002
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Table IV
Zirconium Alloys - Substitute Ocean Water Spray Test (Cont.)

Alloy Composition Weight of sample Loss or gain (+)
Number (percent by weight) in grams in weight (grams)

'WA-1858 5 Fe 2.8143 0.0000
59 5 Fe 1.4508 0.0000
62 1 Cu 3.2496 0.0002
63 1 Cu 1.2616 0.0001
66 3 Cu 3.0353 0.0003
67 3 Cu 1.4955 0.0001
70 5 Cu 4.2907 0.0003
71 5 Cu 1.3382 0.0002
74 7 Cu 3.4818 0.0044
75 7 Cu 1.3533 0.0002
78 10 Cu 3.3117 0.0039
79 10 Cu 1.1560 0.0026
82 1 Mn 3.5793 00002
83 1 Mn 2.9714 0.0002
86 3 Mn 2.8284 0.0002
87 3 Mn 3.8278 0.0002
90 5 Mn 2.6268 0.0000
91 5 Mn 3.2054 0.0000
94 10 Mn 3.0132 0.0003
95 10 Mn 3.3373 0.0000
98 1 Co 2.9247 0.000
99 1 Co 3.5480 0.0004

1902 3 Co 2.7621 0.0002
03 3 Co 3.2252 0.0003
06 5 Co 2.8843 0.0005
07 5 Co 3.8434 0.0005
10 7 Cc 2.7379 0.0004
11 7 Co 3.1878 0.0006
18 5 Ta 2.8465 0.0006
19 5 Ta 2.6489 0.0004
22 10 Ta 3.0195 0.0002
23 10 Ta 3.4392 0.0002
34 15 Ta 2.7163 0.0002
35 15 Ta 2.3616 0.0003

1914 1 CO 3.4245 0.0003
15 1 Ce 3.1938 0.0005
26 2 Ce 1. 7791 0.0005
27 2 Ce 2.0566 0.0006
30 3 Ce 2.0173 0.0003
31 3 Ce 2.3386 0.0005
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Table IV
Zirconium Alloys - Substitute Ocean Water Spray Test (Cont.)

Alloy Composition Weight of sample Loss or gain (+)
Number (percent by weight) in grams in weight (grams)

WA-2054 1 Cr 3.2532 0.0005
55 1 Cr 2.7227 0.0005
58 2 Cr 2.4276 0.0003
59 2 Cr 1.9428 0.0002
64 5 Cr 2.8507 0.0006
65 5 Cr 3.3000 0.0015
89 8 Cr 3.1458 0.0003
90 8 Cr 3.5179 0.0002
93 1 Be 2.3345 o.ooo
94 1 Be 2.2836 0.0003
97 2 Be 3.0682 0.0002

WA-2098 2 Be 2.7644 0.0003

Specimen configuration - l"xO.5"xO.O40" (approx.)
Samples were run at room temperature for 30 days.
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Table VIII.

Are Malted Zirconium -Aqua Regia

Sample Number Rate (M.d.d.)l Rate (M.p.y.)2

1109 392 86.5
1110 1025 226
1300 1420 313
1306 1640 362
113 1570 346
1330 1550 342
1401 1810 399
1413 1730 382

1.d. d. - Villirams per square decimeter per day.

2M. - Mile per .year

.Speci-en eonfiiirtion - 1/2" x 2" x 0.040".
%te: Samples '1o9 arnc 1110 are hot rolled metal, the remainder

are colu rolll..
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Table IX.
Titanium, Zirconim Stainless Steel
and Lead - Inorgsao Compounds

Average corrosion rate, 6-day run,
Test solution Tempe mile per xear

(pEroent by weight) 0c TI Zr 208.s. Pb

1 NH4Cl 60 0.00 0.05 0.06
10 N14Cl 60 0.00 0.03 0.08
1 NH6Cl 100 0.00 0.13 0.01
10 NH4C1 100 0.01 0.19 0.01
5 HO0 4  60 190
5 NaD.04  60 0.09
20 NP06  60 0.01
2 Ca(ClO)Iv 60 0.00
60 HxS04 + 1 HKO 100 129 2.13
65 H2804 + I HO& 100 323 2.25
70 HSS04 + 1 HNO 100 1190 4.81

Titanium - l"xl"xO,060"
Specimen configuration - Ziroonium - I" x 10 x 0,040*

Stainless Steel - 1" x 1" x 0.0820
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Table X.
Titanium - Metal Couples in Synthetie as Water

Duration Ratio
of test Av. oorroslen rate (mils Xer year) C

metal (Hours) Aeration Coupled Uneou-pled Differenoe* UnooeTid

Magnesium 64 Non-aeratcd 1990 0 00 1990
Magnesimu 144 Air-aerated 926 0. 00 926 g
Magnesium 120 Helium-aerated 575 0001 575
Zinc 720 Won-aerated 3.46 18.2 - 0.19
Zino 240 Air-aerated 12.8 2.0 1000 4084
Zino 240 Helium-aerated 5009 0.00 5009 00
Aluminum 744 Non-aerated 0.05 0.05 0.00 1.00
Aluminum 240 Air-aerated 0.00 0.00 0.00
AludzMi 240 Helium-aerated 1.56 000 1.56
Lead 240 Non-aerated 0.23 0.16 0.07 1.44

" Lead 240 Air-aerated 0.65 0.69 - 0994
Lead 240 Helium-aerated 2.08 0.12 1.96 17.5
Tin 720 Non-aerated 0.19 0.00 0.19
Tin 240 Air-aerated 0.26 0.04 0.22 6.50
Tin 240 Heliuma-serated 1.50 0000 1.30 00
Nickel 720 Non-aerated 0.05 0601 0.02 300

"okel 240 Air-aerated 0.01 0.02 - 0.50
--okel 240 Helium-aerated 007 0.05 0.02 1.40

Copper 744 Non-aerated 0096 0.69 0.27 1,59
Copper 240 Air-aerated 2095 2.95 0.00 1.00
Copper 240 Helium-aerated 1.08 1.21 - 0,89

Corrosion caused by galvanio action alone.
# Increase in weight caused by f1s formation.

Tests were all run at room temperatue
Speiolen configuration - 1/29 x 6' z (0.0400 - 0.0601)



Table XI.

Titanium - Metal Couples in 1% Hydroohlorie Aeid

Duration Ratio
of test Av, Corrosion Rate (Mile per year) Coupled

Now (Hours) Aeration Coupled Unooupled _Differenoe Uneouped

MaPneslU 18.5 Non-aerated 7060 4790 2270 1,47
Magnesium 42.5 Air-aerated s080 2070 1010 1.49
Magn esim 15.5 Helium-aerated 7350 5750 1600 1.28
Zino 21.5 Non-aeratod 4060 701 3359 5.79
Zino 240 Air-aerated 327 206 121 1.59
Zino 240 Heliu-aerated 346 280 65 1.23
Aluminum 720 Non-arated 126 59.8 66.2 2.11
Aluminu 240 Air-aerated 418 233 185 1.80
Alaumuu 240 Heliun-aerated 292 190 102 1,64
Lead 240 Non-aerated 30.4 19.6 10.8 1.65
Lead 240 Air-aerated 73.7 42.1 31.6 1.75
Lead 240 Helium-aeratod 38.5 25.1 13.4 1.53
Tin 720 Non-aerated 19o4 20.4 - 0o95
Tin 74 Air-aerated 309 196 114 1.58
Tin 240 Helium-aerated 72o1 58.7 13.4 1.23
Nickel 720 Non-aerated 9.56 8.86 0.50 1.06
N4okel 240 Air-aierated 3405 40.8 - 0.85

Ike 240 Helium-aerated 10.1 9.0 1.1 1.12
Copper 720 Non-aerated 116 51.7 64.3 2.25
Copper 117 Air-aerated 872 660 312 1568
Copper 240 Helium-aerated 234 142 92 1.66

*Corrosion oaumed by galvenie aotion alone.
Tests were all run at room temperatures
Specimen configuration - 1/2" x 6" x (0.040" - 0.060")
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Table XII.
Titanium - Metal Couples in 1% Sodium Hydroxide

Duration Ratio
of test Av. Corrosion Rate (Mile per year) Coupled

Metal (Hours)- Aeration Coupled Uncoupled Difference* Uneoup ed

Magnesium 744 Non-aerated 0.27 0.00 0.27
Magnesixen 480 Air-aerated 0.00 0.00 0.00 -
Magnesium 240 Helium-aerated 0.00 0.00 0.00 -
Zino 720 Non-aerated 0.00# 0.00# 0.00 -
Zinc 480 Air-aerated 3.88 3.47 0.41 1.12
Zino 240 Helium-aerated 12.4 12.5 - 0.W
Aluminum 49 Non-aerated 2230 2450- - 0.91
Aluminum 42 Air-aerated 2870 3270 - 0.88
Aluminm 72 Helium-aerated 1910 1810 100 1.05
Lead 240 Non-aerated 24.0 22.0 2.00 1.09
Lead 240 Air-aerated 92.3 98.7 - 0.93
Lead 240 Helium-aerated 2192 15.1 6.1 1.40
Tin 480 Non-aerated 30.4 16.9 13.5 1.80
Tin 91 Air-aerated 54.2 80.0 - 0.68
Tin 240 Helium-aerated 36.2 17.7 18.5 2.04
Nickel 744 Non-aerated 0.01 0.01 0.00 1.00
N4- ke 480 Air-aerated 0.01 0.01 0.00 1000
Ii iel 240 Helium-aerated 0.08 0.07 0. 01 1.14
Copper 720 Non-aerated 0.98 0.83 0.15 1.18
Copper 240 Air-aerated 0.00 0.00 0.00 -
Copper 240 Helium-aerated 0.00 0.00 0.00 -

Corrosion caused by galvenio action alone.
# Increase in weight caused by film formation.

Tests were all run at room temperature.
Specimen oonfiguration - 1/2" x 6" x (0.040" - 0.060")
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Table XIII. Solution Potential of Metals in 8ynthetic Ocea Water

Duration Corrosion Initial Average
Metal of Test Aeration Rate (m.p.y.) EMF(volts) EKF(volts)

Magnesium 408 hra. Non-aerated 4.48 -1.56 -1.36
Magnesium 408 hrs. Air-aerated 89.0 -1.38 -1.35
Magnesium 408 hra. Helium-aerated 31.3 -1.35 -1.36
Zinc 744 hra. Non-aerated 1.19 -0.796 -0.788
Zinc 744 hra. Air-aerated 5.90 -0.786 -0.796
Zinc 744 hra. Helium-aerated 1.10 -0.804 -0.789
Aluminum 528 hrs. Non-aerated 0.00 -0.481 -0.692
Aluminum 528 hra. Air-aerated 1.31 -0.486 -0.619
Aluminum 528 hra. Helium-aerated 0.00 -0.491 -0.659
Tin 528 hra. Non-aerated 0.00 -0.287 -0.257
Tin 744 hra. Air-aerated 0.09 -0.329 -0.251
Tin 744 hra. Helium-aerated 0.02 -0.305 -0.298
Lead 528 hra. Non-aerated 0.44 -0.350 -0.236
Lead 528 hra. Air-aerated 0.83 -0.349 -0-237
Lead 528 hra. Helium-aerated 0.55 -0.361 -0.243
Copper 528 hra. Non-aerated 1.66 +0.054 +0.096
Copper 528 hra. Air-aerated 3.20 +0.004 0.000
Copper 528 hr. Helium-aerated 0.80 +0.009 +0.00o 4
Nickel 744 hra. Non-aerated 0.00 -0.025 +0179
Nickel 744 hrs. Air-aerated 0.00 -0.028 +0.082
Nickel 744 hr. Helium-aerated 0.00 -0.067 +0.147
Titanim 744 hra. Non-aerated 0.02 -0.191 +0.180
Titanium 744 hra. Air-aerated 0.00 -0.205 +0.14o
Titanium 744 hra. Helium-aerated 0.00 -0.128 +0.054
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